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Application of modern biochemical tech-
niques and numerical analysis has resulted in
recent advances in the science of classifica-
tion (1). The value of modern biochemical
techniques in determining new taxonomic in-
formation has been widely accepted. Coil-
siderable controversy, however, has accom-
panied the introduction of electronic computers
for numerical analysis since its principal ad-
vocates have also challenged some of the basic
tenets of classical taxonornic theory (2, 3).
Taxonomy has not been a very exact science
and the identification of taxa and their subse-
quent grouping into categories such as genera,
families, and orders have always involved sub-
jectivity. The classical taxonomist has ex-
ercised the prerogative of assigning particular
significance to certain morphological characters
and in addition has attached evolutionary
inferences to the derived classification.
"Numerical taxonomy" is essentially the
quantitative determination of the degree of
similarity between operational taxonornic units
(OT1J) and the subsequent grouping of these
units into a hierarchal order (2, 4). The OTU's
are usually but iot necessarily species. Pro-
ponents of numerical taxonomy treat all taxo-
nomic characters as equal in value and deny
that taxonomy directly infers phylogeny. Nu-
merical taxonomy theoretically is designed to
construct new classifications unbiased by ex-
isting systems. Proper application of numerical
taxoHomy requires identification of sufficient
taxonomic characters, at least 40, and avail-
ability of electronic computers for their de-
tailed analysis.
Three important steps are involved in estab-
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lishing a classification by niimerical taxonomy
(2, 4, 5). First is the numerical coding of
taxonomic characters for each OTU. Second is
the computation of an estimate of resemblance
expressed as a similarity coefficient for every
pair of OTTJ's. Several kinds of coefficients have
been developed. These include matching co-
efficients of association, product-moment cor-
relation coefficients, and Euclidean distance
measurements. The third step, cluster analysis,
utilizes the similarity coefficients to assemble
OTU's into groups of higher rank. This may
be accomplished by various methods such as
siigle linkage, complete linkage, average link-
age, and central or nodal clustering. These
methods link first the most similar OTU's and
continue the linkage process until all OTU's are
combined into one cluster. Results can be pre-
sented as a diagram usually termed a pheno-
grain (3) or a dendrogram. Factor analysis is
another method of treating a matrix of correla-
tion coefficients. No agreement exists concern-
ing relative advantages of the various quan-
titative methods. Final results frequently
appear to vary little despite the use of dif-
ferent methods.
Current taxonomy of dermatophytes is based
principally on the types of macroconidia (6,
7). These miorphoIogical criteria were orginally
proposed by Emmons (8) in 1934 and the
established classification has generally been ac-
cepted by most but not all medical mycologists
(9). Macrocomiidia are not readily apparent
in some dermatophytes. New species of derma-
topliytes, in addition, have subsequently been
identified.
Disc electrophoretic studies of dermato—
phytes have demonstrated that the culture
filtrate of each species yields a reproducible
unique pattern of distinct protein fractions
(10—12). The qualitative electrophoretic pat-
terns provide a new group of relatively stable
taxonomnic characters. These data are consistent
with conventional taxonomy. Direct comparison
of the data with conventional taxonomy as
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presented in the preceding report (12), how-
ever, is somewhat taxonomically biased. No
effort was included to construct a new classifi-
cation, a purpose for which numerical taxon-
omy is designed. The electrophoretie protein
patterns are ideally suited for numerical analy-
sis since sufficient numbers of protein fractions
have been identified and each fraction may be
considered as equal in value.
Previous applications of numerical taxonomy
to fungi have been limited to studies of Basidio-
mycetes (13) and Fungi Imperfecti, genera
Verticicladiella (14), Phialocephala (14), and
Helminthosporiurn (15). Each evaluated mainly
morphological characters.
This study introduces numerical taxonomy
as applied to disc electrophoretic protein pat-
terns from 21 dermatophyte species and com-
pares the results of various methods of nu-
merical analysis.
MATERIALS AND METHODS
Operational Taxononiic Units—These con-
sisted of single isolates of 21 dermatophyte spe-
cies. Each species was identified by established
morphological criteria. The species included Mi—
crosporum canis, M. gypseum, M. distorturn,
M. nanum, Al. Jerrugineum, M. cookei, M. van-
breuseghemii, M. auclouinii, Trichophytom ton-
surans, 7'. mentagrophytes, T. yaoundei, T.
verrucosum, T. terres Ire, T. rubrurn, T. gallinae,
T. violaceum, 7'. schoenleinli, T. soudamense,
T. me gninii, Epidermophyton floccosum, and
Kercitinomvces ajelloi. Each species was cultured,
water-soluble protein extracted from the culture
filtrate, and disc electrophoresis performed as
previously described (12).
Taxonomic Characters—Each of 59 different
protein fractions identified in microdensitometer
tracings was considered a taxonomic character.
Two fractions were found in all species and were
not useful in differentiating groups. The other 57
fractions, however, were found in one to 13
species. The species and their protein fractions
are summarized in Fig. 3 of the preceding re-
port (12). Each fraction was coded as present or
absent in each species.
Similarity CoeJJicients.—Four different types of
estimates of resemblance (4) were computed
for each of the 210 possible pairs of species.
Presence of a fraction in both species of a pair
is a positive match and absence of one of the
59 fractions in both species of a pair is a negative
match. The presence of a fraction in one species
and its absence in the other species of a pair is
an unmatched character. Simple matching coeffi-
cients (Ssm) were calculated by dividing the
total number of positive plus negative matches by
59. Product-moment correlation coefficients and
Euclidean distance measurements were calcu-
lated from standard formulas. The large number
of negative characters artificially increases the
Ssm between species and another matching coeffi-
cient excluding negatives (5)) was calculated for
each pair by dividing the number of positive
matches by the number of positively matched
and unmatched characters.
Cluster Analysis—Three different methods
were used to define groups of related species
and construct taxonomic hierarchies (4). These
were single linkage, complete linkage, and cen-
tral clustering processes. Single linkage admits a
species or a cluster into another cluster at a
similarity level if the species or any species within
the first cluster links at that similarity level with
any single species within the second cluster.
Complete linkage admits a species or a cluster
into another cluster at a similarity level if the
species or all species within the first cluster link
at that similarity level or higher with all species
within the second cluster. Single and complete
linkage clusterings with all four similarity coeffi-
cients were performed. Central clustering with
distance measurements was performed as de-
scribed by Ward (16, 17). The method utilizes
the sum of the squared deviations about the
group centroids and at each step joins the species
or cluster that produces the minimum increment
in this sum. This is an "unweighted, pair-group"
method in current terminology (4). Early and
late arrivals into clusters are assigned equal
computational weights and only one species or
cluster is permitted to join another cluster at
any computational cycle.
Factor Analysis—Program BMDO3M utiliz-
ing correlation coefficients was used (18). This
divided the species into seven different groups
but did iot provide a hierarchal order.
Computations of correlation coefficients, Eu-
clidean distances, central clustering and factor
analysis were performed with an IBM 360/75
electronic computer at the UCLA Health Sciences
Computing Facility. Other computations were
performed manually.
RESULTS
The Euclidean distance matrix determined
by the computer is preseited in Table 1.
Each number is the distance squared (d2) be-
tween the species of a pair. A small distance
implies a close resemblance. In the Table d2 is
equal to the number of unmatched characters.
The simple matching coefficient (S3) is alge-
braically inversely related to the distance and
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TABLE 1
MATRIX OF DISTANCE-SQUARED Id2) BETWEEN SPECIES
the matrix is not presented. The number of
positive and negative matches equals (59c12)
and S$m equals (1 — d2/59). The correlation
coefficient md the matching coefficient exclud-
ing negative matches (84 do not have any
simple algebraic relationship to distance or to
each other. The latter two matrices are not
presented but relative estimates of resemblance
between pairs using different coefficients are
essentially included in the phenograrns in Figs.
1—4.
Phenograms obtained with distance measure-
ments by single and complete linkage cluster-
ing processes are presented in Fig. 1. The
horizontal axis is labeled as d2 and Ssm since
phenograms derived from these coefficients are
identical. Results of central clustering with
distance measurements are presented in Fig.
2. Units for the axis (ESS) are increments
of the sum of the squared deviations from the
group centroids. Phenograms obtained with
correlation coefficients (r) by single and com-
plete linkage are presented in Fig. 3. Pheno-
grams obtained with matching coefficients ex-
cluding negatives (Si) by these two clustering
processes are presented in Fig. 4.
The significant features of the phenograms
are the hierarchal order of clustering and the
divisioi of the various species into different
groups. The absolute value of a similarity co-
efficient at any level has limited meaning since
the selection of units is arbitrary. Direct com-
parisons are possible only between phenograms
with the same units for similarity coefficients.
In each phenogram, however, species in clusters
formed early are more similar to each other
than species in clusters formed toward the com-
pletion of the process.
The three phenograms of clustering by
single linkage provide some information. Three
pairs of species, M. canis-M. gypseum, T.
tonsuran.s-T. mentagrophytes, and T. gall-
nae-T. violaceum, exhibit the closest resem-
blance. Two species, K. ajelloi, and E. floccosum,
least resemble the other species. Single-lthkage
produces very rapid coalescence of groups as
demonstrated by comparison of each single
linkage phenogram with the respective complete
linkage phenogram.
Analysis of complete linkage and central
clustering phenograms supports the preceding
observations of the single linkage phenograms
and provides additional information. All Micro-
sporum species combine together into a single
cluster at a higher level of resemblance than
do the Trichoplzyton species. The Trichophyton
species initially group into two separate clusters
prior to forming a single cluster. Trichophyton
tonsurans, T. mentagrophytes, T. terrestre,
and T. megninli comprise one cluster and T.
verrucosum, T. rubruni, T. gallinae, T. yb-
laceum, and T. schoenleinli comprise the sec-
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Fio. 1. Phenograms demonstrating relationships among dermatophytes derived from
Euclideaii distance measurements (d) and single matching coefficients (&.) analyzed by
A. Single-linkage clustering and B. Complete-linkage clustering. Junctions between stems
indicate clustering levels. Brackets indicate groups. r
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Fio. 2. Phenograrn demonstrating relationships among dermatophytes derived from
central clustering analysis of distance measurements. The values on the abscissa (ESS)
are increments of the sum of the squared deviations from the group centroids.
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FIG. 3. Phenograrns demonstrating relationships among dermatophyte derived from
correlation coefficients (r) analyzed by A. Single-linkage clustering and B. Complete-linkage
clustering.
ond. Trichophylon yaoundei and T. soudanense
are included in the second by the complete
linkage processes but ii the first by the ceitral
clusteriig process.
Factor analysis divided the species into
seven distinct groups. Group 1 includes all
Microporum species. Group 2 includes T.
tonurans, T. rnentaqrophyts, and T. ter-
retre. Group 3 includes T. verrucosum, T.
rubrurn, T. qallinae, T. violaceum, and T.
schoenleinii. Groups 4, 5, 6, 7 include one species
each. These are T. soudanense, T. meqninii,
K. ajelloi, and E. floccourn.
DISCUSSION
The classifications of dermatophytes resulting
from the various methods of mimerical taxo-
nomi( analysis of the electrophoretic patterns
are very similar to each other. All methods of
analysis separate K. ajelloi and E. Jioccosum
each into a moriospecific group. Other groups
are apparent in the complete linkage and cen-
tral clustering phenograms and the factor analy-
sis data. All Microporum species comprise a
single cohesive group but the Trichophyton
species form a more heterogeneous group.
These findings are essentially consistent with
the preceding study (12) and with current
conventional taxonomy of the dermatophytes
(6, 7). The lower homogeneity within the
genus Trichophylon compared with that within
the genus Micros porum was also suggested by
the lower mean iumber of homologous frac-
tions present in species of the former genus.
The agreement of numerical taxonomic clas-
ification with conventional classificatioi sup-
ports the validity of the latter. The numerical
taxonomic classification, however, was inde-
pendently derived without utilizing any exist-
ing taxonomy and in this respect avoids taxo-
riornic bias.
Certain new taxonomic information is pro-
vided by the numerical analysis. Microporurn
ferruginetum (7, 8) which is classified as T.
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Fio. 4. Phenograms demonstrating relationships among dermatophytes derived from
matching coefficients excluding negative matches (Si) analyzed by A. Single-linkage cluster-
ing and B. Complete-linkage clustering.
ferrugineum by some authorities (19, 20) is
clearly included with other Micros porum spe-
cies. Species currently classified as Trichophy-
ton can readily be divided into two separate
groups. These groups cluster together at a
relatively low level of resemblance. Transfer of
K. ajelloi to the genus Trichophyton has been
proposed (6). Numerical analysis supports this
association but only at a low level of re-
semblance. The delineation of a genus is sub-
jective and the decision to include a given
species or group of species within it depends on
the degree of resemblance required of species
within that genus.
The use of a computer is not absolutely es-
sential for numerical taxonomy. Computations
of matching coefficients and single-linkage and
complete linkage clusterings were performed
manually although the procedures were some-
what tedious. Some of the other computations
did require a computer and all of them could
have been facilitated by a computer. The selec-
t.ion of numerical taxonomic methods for a
study is determined to a large extent by the
type of program and computer available. Ex-
changes of programs and data, however, are
feasible (4).
The validity of the results is dependent on
acceptance of two assumptions. The electro-
phoretic protein pattern of the culture filtrate
was assumed to reflect the genetic content of
the isolate. The single isolate of each species
was assumed to characterize that species. Pre-
vious studies have justified parts of these as-
sumptions (10—12).
The merit of numerical taxonornic classifi-
cation will be determined not by its agreement
with an existing classification but rather by its
capacity to accommodate new characters and
new species without any extensive revisions.
The continuing description of new morpho-
logical, biochemical, and immunological features
of the dermatophytes will furnish additional
opportunities to apply numerical taxonomy.
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SUMMARY
The relationships of 21 dermatophyte species
were analyzed using various methods of nu-
merical taxonomy. The taxonomic characters
consisted of 59 different protein fractions sepa-
rated by electrophoresis of the culture filtrates.
four different types of similarity coefficients
were computed. These included simple match-
ing coefficients, matching coefficients excluding
negative matches, distance measurements, and
correlation coefficients. Single-linkage, complete-
linkage, and central clusterings and factor
analysis were performed. The Microsporum
species all initially grouped into one cluster
which included M. canis, M. gypseum, M.
distortum, M. nanum, M. ferrugineum, M.
coo/cei, M. vanbreuseghemii, and M. audoninii.
The Trichop/zyton species initially grouped
into two clusters prior to forming a single
cluster. One included T. tonsuran.s, T. menta-
grophytes, T. terrestre, and T. megninii.
The other included T. verrucosum, T. rubrum,
T. gailinae, T. violaceum, and T. schoenleinii.
Three methods placed T. yaoundei and T.
.soudanense in the second cluster and one in
the first cluster. Keratinomyces ajelloi and E.
floccosum showed least resemblance to the other
species.
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